During routine screening of Salmonella enterica subsp., S. enterica isolates of animal origin for plasmid-encoded tetracycline resistance, two tetracycline resistance plasmids, the 50 kbp plasmid pGFT3 of Salmonella choleraesuis and the 9.5 kbp plasmid pGFT4 of Salmonella typhimurium var. Copenhagen DT002, were detected. The respective tetracycline resistance genes (tet) were identified by hybridization and PCR analysis to belong to hybridization class A. Conjugation experiments identified plasmid pGFT3 as a conjugative plasmid. Molecular analysis of the tet(A) gene area and the flanking regions identified a complete Tn1721-like transposon on plasmid pGFT3 and a truncated Tn1721-like element on plasmid pGFT4. The complete Tn1721-like element was integrated into a transposase reading frame of a truncated Tn3 transposon also located on plasmid pGFT3. The truncated Tn1721-like element of plasmid pGFT4 lacked the entire transposase part. This Tn1721-relic was integrated in an unknown reading frame which on amino acid level showed homology to the Rop protein of Escherichia coli. A model for the deletion of the transposase part was developed on the basis of the sequences present at the termini of the truncated Tn1721-like element. ß
Introduction
Tetracyclines account for approximately two thirds of all anti-microbial agents used in veterinary medicine [1] . As a consequence of the widespread use of tetracyclines, tetracycline resistance is one of the most frequently encountered resistance properties in bacteria from animal origin. Salmonella isolates from domestic animals in Germany varied in their tetracycline resistance with regard to the Salmonella serovar and the animal species between 20% resistant Salmonella enteritidis from poultry and 84% resistant Salmonella typhimurium from cattle [2] . Even though tetracycline resistance is one of the major resistance properties of Salmonella isolates, still, very little is known about the genetic basis of tetracycline resist-ance in naturally occurring Salmonella isolates from animal sources. So far, tetracycline resistance genes (tet) of ¢ve di¡erent hybridization classes, A^D and G, have been described to occur in isolates of the genus Salmonella [3, 4] . However, large scale studies on the prevalence of tet genes in Salmonella ¢eld isolates as well as on their location on plasmids or in the chromosomal DNA are still missing. In selected cases, tetracycline resistance was described to be associated with large plasmids which occasionally may carry additional resistance markers [5^7] .
The aim of this study was to characterize tetracycline resistance plasmids in Salmonella isolates of animal origin by identi¢cation of the type of tet genes, molecular analysis of the tet gene area and studies on the transferability of these plasmids with regard to conjugative transfer and co-transfer of other plasmids or resistance properties.
Material and methods

Bacterial isolates and tetracycline resistance testing
The two isolates, Salmonella choleraesuis number 71 and S. typhimurium var. Copenhagen DT002 number 203, were obtained from a pig and a pigeon, respectively, both su¡ering from clinical salmonellosis. These two isolates were selected from a total of 218 Salmonella enterica subsp. enterica isolates during the course of a study on the identi¢cation of plasmid-encoded resistance properties in Salmonella ¢eld isolates of animal origin [8] . The determination of antibiotic resistance patterns was performed by the agar di¡usion method [9] with disks (BectonDickinson, Heidelberg, Germany) charged with either ampicillin (10 Wg), chloramphenicol (30 Wg), gentamicin (10 Wg), kanamycin (30 Wg), nalidixic acid (30 Wg), streptomycin (10 Wg), sulfamethoxazole (23.75 Wg), tetracycline (30 Wg) or trimethoprim (5 Wg). Minimal inhibitory concentration (MIC) values for tetracycline were determined using the microbroth dilution method [9] .
Molecular analyses
Plasmids were prepared by alkaline lysis with subsequent a¤nity chromatography on Qiagen columns (Qiagen, Hilden, Germany) [5] . Single and double digests with restriction endonucleases (Boehringer Mannheim, Germany) followed the manufacturer's recommendations. The sizes of the restriction fragments were determined by comparison with the 1-kbp ladder as well as V-DNA/HindIII fragments (Gibco BRL, Paisley, Scotland). The speci¢c probes for the spvB/C genes [10] , tet genes of classes A^E [5] as well as the gene for the chemotaxis protein (mcp), a 1.2-kbp EcoRI-HindIII fragment of the mcp gene of Tn1721 located on plasmid pGFT1 from Salmonella dublin [5] , were labelled with the non-radioactive ECL system (ECL, Amersham-Buchler, Braunschweig, Germany) and used in Southern blot hybridization experiments [10] . PCR analyses with primers speci¢c for the tet genes of classes AÊ and G followed previously described protocols [11] . Plasmid pBluescript II SK+ (Stratagene, Heidelberg, Germany) served as vector for cloning the Tn1721 parts and their adjacent regions of plasmids pGFT3 and pGFT4. Sequence analysis using an automatic sequencer (ALF DNA sequencer, Pharmacia Biotech, Freiburg, Germany) was performed on both strands with either commercially available primers or primers derived from the sequence determined with the afore-mentioned primers. The rifampin resistant E. coli strain HK225 [12] and E. coli JM107 (Stratagene) served as recipients in mating and transformation experiments, respectively [13] . E. coli HK225 transconjugants were selected on Luria-Bertani (LB) agar containing 100 Wg rifampin per ml and 20 Wg tetracycline per ml, E. coli JM107 transformants on LB agar supplemented with 20 Wg tetracycline per ml.
Results and discussion
Identi¢cation of tetracycline resistance plasmids and anti-microbial resistance testing
The S. choleraesuis isolate number 71 carried four plasmids of approximately 54, 52, 50 and 6 kbp and exhibited resistance to ampicillin, streptomycin and tetracycline. While the 52-kbp plasmid was identi¢ed as the serovar-speci¢c virulence plasmid by hybridization with the spvB/C virulence gene probe, the 50-kbp plasmid, designated pGFT3, was shown to mediate tetracycline resistance as con¢rmed by conjugative transfer into E. coli HK225. The virulence plasmid as well as the remaining two plasmids were obviously not associated with ampicillin or streptomycin resistance as con¢rmed by the results of conjugation and transformation experiments. All transconjugants harbored only the tetracycline resistance plasmid pGFT3 and none of the other virulence or cryptic plasmids. Restriction mapping of plasmid pGFT3 showed a striking homology to the map of the 11-kbp tet(A) carrying transposon Tn1721 [14] (Fig. 1) . PCR analyses as well as hybridization experiments con¢rmed that plasmid pGFT3 harbored a tet gene of hybridization class A, but none of the other tet genes. Moreover, the mcp gene probe derived from Tn1721 hybridized to a 5.5-kbp EcoRI fragment of plasmid pGFT3, suggesting that in addition to the tet(A) part of Tn1721, the mcp part of Tn1721 was also present in pGFT3.
The S. typhimurium var. Copenhagen DT002 isolate number 203 carried three plasmids of approximately 90, 25 and 9.5 kbp and proved to be resistant to ampicillin, streptomycin, sulfamethoxazole and tetracycline. The 90-kbp plasmid represented the serovar-speci¢c virulence plasmid as con¢rmed by hybridization with the spvB/C probe. The 9.5-kbp plasmid, designated pGFT4, mediated tetracycline resistance as con¢rmed by transformation into E. coli JM107. Restriction mapping revealed homology between a 5.5-kbp EcoRI fragment of pGFT4 and an equally sized region of the map of Tn1721 (Fig.  2) . Hybridization experiments showed that plasmid pGFT4 carried a tet(A) gene on that 5.5-kbp EcoRI fragment, whereas hybridization with the mcp gene probe did not yield positive signals. PCR analysis con¢rmed the presence of the tet(A) gene and the absence of any of the other tet genes on plasmid pGFT4. Based on the results of the transformation experiments, neither the 90-kbp virulence plasmid nor the 25-kbp plasmid were involved in resistance to ampicillin, streptomycin or sulfamethoxazole.
The two original Salmonella isolates carrying plasmids pGFT3 and pGFT4, but also the E. coli HK225:pGFT3 transconjugant and the E. coli JM107:pGFT4 transformant were highly resistant to tetracycline with MIC values of s 256 Wg tetracycline per ml. 
Molecular analysis of the tet(A) gene region in plasmid pGFT3
The 11.1-kbp tet(A) carrying, non-conjugative transposon Tn1721 is characterized by inverted terminal repeats of 38 bp which di¡er slightly in their nucleotide sequences. A third internal 38-bp repeat sequence which corresponds in its sequence and orientation to the right terminal repeat is located almost exactly in the middle and separates the resistance gene region from the transposase/chemotaxis protein region [14, 15] . An EcoRI restriction site is located in each of the three repeats (Fig. 3a) . Restriction map homology in combination with hybridization of the tet(A) and mcp probes to di¡erent EcoRI fragments of 5.5 kbp strongly supported the assumption that a complete Tn1721-like element was present on plasmid pGFT3. To determine the site of integration of this element, EcoRI/PstI fragments of 1.0 and 2.2 kbp were cloned. According to the restriction map of pGFT3, these fragments were considered to contain the junctions between the original plasmid and the integrated transposon. Sequence analysis showed that the repeat sequences corresponded exactly to the left and the right terminal repeat of Tn1721. Moreover, duplication of the 5-bp sequence TACCA was detected immediately upstream of the left and downstream of the right terminal repeat. Such 5-bp duplications at the integration site are typical for Tn1721, however, the sequence of the 5-bp duplication in plasmid pGFT3 di¡ered from all duplications so far described in connection with the integration of Tn1721 and related elements [5, 14, 15] . Analysis of sequences of 496 and 615 bp adjacent to the integrated Tn1721-like element identi¢ed the integration site to be located within the reading frame of a transposase gene (Fig. 1) closely related to that of Tn3 [16] . The integration of a non-conjugative transposon, such as Tn1721, into a conjugative plasmid facilitates the widespread distribution of the transposon-borne resistance genes. Such events may contribute to the occurrence of tet(A) genes in a wide variety of Gram-negative bacteria [3] , although detailed analyses of the corresponding plasmids and their integrated Tn1721-like elements are only available in a few cases [5, 14, 15] . 
Molecular analysis of the tet(A) gene region in plasmid pGFT4
On the basis of restriction mapping and hybridization experiments, plasmid pGFT4 was considered to carry a truncated Tn1721-like element. This was con¢rmed by sequence analysis of the 5.5-kbp EcoRI fragment carrying the tet(A) gene region as well as EcoRI fragments of 1.1 and 1.6 kbp which carried the junctions between the original plasmid and the Tn1721 relic. Analysis of the 372 bp and 443 bp adjacent to the Tn1721 relic identi¢ed its location within an unidenti¢ed reading frame (Fig. 2) , the deduced amino acid sequence of which, however, showed a considerable degree of similarity to the the Rop protein of E. coli [17] . Of the Tn1721-like element, only the tet(A) gene part including the right terminal 38-bp repeat was present. The entire mcp/ tnp segment containing the genes for transposition and production of the chemotaxis protein including the left 38-bp repeat was lost. Of the internal repeat, only the terminal 19 bp were left and orientated in opposite direction as compared to Tn1721. However, 5-bp direct repeats as commonly found at the integration sites of complete Tn1721 elements were detected immediately upstream of the shortened and inverted former internal repeat as well as immediately downstream of the right terminal repeat. This duplicated sequence, TTCTG, also represented a novel repeat sequence at the integration site of a Tn1721-like element. In addition to the loss of 19 bp in the former internal repeat, another 48 bp directly adjacent to the lost sequence were also absent in pGFT4.
Simple recombination events between the left terminal and the internal 38 bp repeats do not explain the structural alterations seen in the truncated Tn1721-like element of pGFT4. Therefore, a model was developed which might explain the deletions seen in the Tn1721 relic of pGFT4. This model was based on the assumption that a complete Tn1721-like element had integrated into pGFT4. This integration event caused the 5-bp duplication still present at the integration site. A ¢rst structural rearrangement is believed to involve a recombination between the left terminal and the internal 38-bp repeat [18] . Such a recombination would lead to an inversion of the entire 5.5-kbp mcp/tnp segment of Tn1721 [18] and consequently also cause an inversion of the former internal 38-bp repeat (Fig. 3b) . A second rearrangement might involve a recombination between part of the former internal 38-bp repeat and a sequence downstream of the tetR gene. The termi- The genes involved in production of a chemotaxis protein (mcp), transposition (tnpR, tnpA) and tetracycline resistance (tetR, tetA) are shown as arrows which also indicate the direction of transcription of these genes. The 5-bp repeat sequence TTCTG detected at the borders of the Tn1721 relic on pGFT4 was considered to be the target site of duplication arising from the integration of the former complete transposon. nal 14 bp (5P-GCCCGCAGAATTCG-3P) of the 19 bp which remained of the former internal 38-bp repeat showed 64% sequence identity to a G/C-rich sequence located upstream of the tetR gene (5P-GCCCTGGACCTCG-3P). Recombination between these two sequences would lead not only to thè looping out' of the transposase segment of Tn1721, but also would explain the observed shortening of the former internal 38-bp repeat as well as the loss of the 48 bp downstream of the former internal repeat (Fig. 3c) . In contrast to previously detected spontaneous loss of the resistance part via recombination between the internal and the right terminal repeat of Tn1721 [15] , truncated Tn1721-like elements which still carried the resistance gene part have not been reported so far. A similar situation, however, was described for the macrolide resistance transposon Tn917 which is structurally related to Tn1721 and also belongs to the Tn3 family. Analysis of a truncated Tn917 transposon located on plasmid pSES21 of Staphylococcus lentus [19] revealed the presence of the segment carrying the resistance gene including one terminal repeat, but also the complete loss of the transposase segment as well as the occurrence of sequence alterations at the remaining internal repeat sequence. Although the mechanisms that led to these structural alterations of the plasmid-integrated transposons remain speculative, they had an important e¡ect. New resistance plasmids, such as pGFT4 and pSES21, have been created which now carry the former transposonborne resistance gene as an integral component and by their distribution ensure the spread of the resistance gene.
